provements in percent forced expiratory volume in 1 s (FEV 1 %) (p = 0.001) and ACQ scores (p = 0.009) as well as a decrease in sputum eosinophils (p = 0.02). There was a nonsignificant increase in sputum versican in the placebo group (p = 0.16), a decrease in the mepolizumab group (p = 0.13) and a significant inverse correlation between versican reduction and FEV 1 % improvement (p = 0.03). Conclusions: Sputum hyaluronan values are reduced with mepolizumab therapy and correlate with improved clinical and spirometry values, suggesting this measurement may serve as a noninvasive biomarker of asthma control.
Hyaluronan and versican are two components of the lung ECM involved in airway remodeling. Hyaluronan is an anionic, nonsulfated glycosaminoglycan that is found in all tissues and body fluids of vertebrates [4] . Hyaluronan acts as a vital structural component in connective tissues that allows for cell migration, immune cell adhesion, activation and intracellular signaling [5] . It binds inflammatory cells through cluster of differentiation 44 (CD44) and is therefore thought to play a key role in the inflammatory response [6] . In addition, synthesis of hyaluronan is enhanced in response to proinflammatory cytokines such as interleukin-1 ␤ (IL-1 ␤ ) and tumor necrosis factor-␣ (TNF-␣ ) [7, 8] . The levels of hyaluronan in sputum are significantly elevated in patients with asthma compared with atopic nonasthmatics and in patients with chronic obstructive pulmonary disease in comparison to controls [9, 10] .
Versican belongs to the family of hyaluronan-binding proteoglycans that are components of the ECM in a variety of soft tissues, including the lungs [11, 12] . In pulmonary tissue, versican deposition in the subepithelial layer is significantly increased in asthmatics compared with controls and inversely related to airway responsiveness [13] . Levels of veriscan in brochoalveolar lavage fluid (BALF) have been reported to be increased in patients with mild asthma and to correlate with increased numbers of eosinophils and activated fibroblasts [14] .
The role of eosinophils in airway remodeling and deposition of the ECM is not clearly known. Decreases in airway and skin eosinophil numbers in response to mepolizumab treatment are reported to correlate with decreases in ECM proteins [15, 16] . A recent clinical trial in patients with severe asthma and sputum eosinophilia showed that treatment with mepolizumab had a significant prednisone-sparing effect that was associated with decreases in blood and sputum eosinophils, a decrease in asthma exacerbations and an improvement in forced expiratory volume in 1 s (FEV 1 ) [17] . The objectives of this study were to evaluate levels of hyaluronan and versican in sputa from patients who participated in the mepolizumab study and to determine if these components of the ECM changed with treatment as well as correlate these findings with clinical data, pulmonary function and sputum esoinophil percentage (Eos%).
Methods

Patients
Adult patients with asthma who required treatment with oral prednisone in addition to high dose inhaled corticosteroids to control symptoms and still had persistent sputum eosinophilia ( 1 3%) were recruited from the clinics of the Firestone Institute for Respiratory Health in Hamilton, Ont., Canada. Patient characteristics have been previously reported and are also presented in table 1 [17] .
Study Design
As previously described [17] , patients were randomly assigned to treatment with either mepolizumab, 750 mg, or placebo (normal saline diluent). According to a predefined reduction schedule, after the second infusion of the drug, prednisone was reduced by 5 mg at weeks 6, 10, 14, 18, and 22 if the patient had not had an exacerbation. Spirometry was performed and sputum samples were analyzed for differential cell counts. The Asthma Control Questionnaire (ACQ) was used to quantify asthma control. This is a 7-item questionnaire with scores ranging between 0 (well controlled) and 6 (extremely poorly controlled). Table 2 provides ACQ scores, absolute FEV 1 , FEV 1 %, FEV 1 /forced vital capacity (FVC) ratio values, prednisone dose and sputum Eos% for all patients at the beginning and end of the study protocol.
Primary and Secondary Outcomes
The primary outcomes of this study were the changes in hyaluronan and versican levels in sputum supernatants both within and between treatment groups. Secondary outcomes included correlations between changes in sputum measurements and change in FEV 1 %, ACQ scores and sputum Eos% over the study period.
Hyaluronan and Versican Enzyme-Linked Immunosorbent Assay
A competitive enzyme-linked immunosorbent assay (ELISA) was used to detect hyaluronan and versican concentrations in the sputum samples. Since the addition of dithiothreitol is a necessary step in the eosinophil isolation protocol, all sputum samples were first extensively dialyzed against phosphate-buffered saline to remove this reducing agent. 
Hyaluronan Assay
Sputum aliquots were digested with pronase (300 mg/ml) in 0.5 M Tris (pH 6.5) for 18 h at 37 ° C after which, the pronase was inactivated by heating to 100 ° C for 20 min. We used a modification [18] of a previously described [19] competitive ELISA in which the samples to be assayed were first mixed with biotinylated hyaluronan-binding protein, the N-terminal hyaluronanbinding region of aggrecan. They were then added to hyaluronancoated microtiter plates, with the final signal being inversely proportional to the level of hyaluronan added to biotinylated hyaluronan-binding protein bHABP.
Versican Assay
In order to measure versican levels in sputum, we developed a competitive ELISA, similar to the hyaluronan assay. Versican contains several disulfide bonds in its N-terminal region, so epitopes in that part of the molecule are denatured by reducing agents and do not properly refold following dialysis. Consequently, we used a single monoclonal antibody to the C-terminal end of the molecule, 2-B-1 (Seikagaku Corp., Tokyo, Japan). Versican standards or sputum samples were mixed with a limiting amount of 2-B-1 and incubated for 1 h. This mixture was then added to a Nunc Maxisorp 96-well plate to which an excess of human versican was previously bound. To obtain human versican for use in the assay as a standard and to coat the wells, we used conditioned medium from human arterial smooth muscle cells and human leiomyosarcoma cells [20] . Free antibody subsequently bound to versican on the plate while antibody bound to any versican in the sputum samples was washed away, so that the final signal from the primary antibody was inversely proportional to the amount of versican in the sputum sample. Antibody bound to the plate was then incubated with biotinylated goat anti-mouse secondary antibody (Vector Labs, Burlingame, Calif., USA), followed by incubation with peroxidase-linked-streptavidin (Sigma, St. Louis, Mo., USA). Streptavidin-containing wells were incubated with peroxidase substrate consisting of peroxide and 2,2 azinobis (3-ethylbenzthiazoline sulfonic acid in sodium citrate buffer, pH 4.2) emitting a green-colored product at OD 405 . This method produced a standard curve in which the colored signal was inversely related to the amount of versican in the sample in a linear fashion. The versican ELISA gave a linear response when run with standards in the range of 0-80 g/ml ( fig. 1 ).
Statistical Analysis
Patient baseline characteristics as well as pre-and poststudy data on FEV 1 , FEV 1 %, FEV 1 /FVC, sputum Eos%, ACQ and prednisone dose were published previously and are summarized in tables 1 and 2 using means, standard deviations, and proportions [17] . Baseline differences between study groups were evaluated using independent t tests for continuous measures and 2 tests for categorical variables. Within-group comparisons of hyaluronan and versican levels were performed using paired t tests. Associations between baseline to posttreatment changes in biomarker levels (hyaluronan and versican) were adjusted for baseline values. All t tests were two-sided and a p value cutoff of 0.05 was used to denote statistical significance. The associations between baseline to posttreatment changes in biomarker levels and change in FEV 1 %, ACQ and Eos% were evaluated using Spearman's correlation coefficients. Analyses were performed with the use of GraphPad Prism software (version 4.03; GraphPadSoftware Inc., La Jolla, Calif., USA).
Results
Sputum Hyaluronan
We evaluated a total of 17 patients, 7 treated with mepolizumab and 10 treated with placebo. There was no significant difference in pretreatment sputum hyaluronan levels between the placebo and mepolizumab treatment groups (p = 0.09; fig. 2 a) . In contrast, after the treatment period, there was significantly more hyaluronan in the sputa of the placebo-treated group compared to the mepolizumab-treated group (p = 0.007; fig. 2 a) . Further, over the treatment period, there was a significant increase in mean sputum hyaluronan in the placebo treatment group (p = 0.003; fig. 2 a) and a numerical but nonsignificant decrease in sputum hyaluronan in the mepolizumabtreated group (p = 0.08; fig. 2 a) . Figure 2 b, c display the sputum hyaluronan values for each subject before and after treatment with either placebo or mepolizumab.
Sputum Versican
Versican levels in patient sputa ranged from 0 to 80 g/ ml and this was significantly greater than the levels of hyaluronan, which did not exceed 600 ng/ml. Versican levels did not differ statistically between the mepolizumab and placebo treatment groups either before (p = 0.38; fig. 3 a) or after treatment (p = 0.19; fig. 3 a) . From the beginning to the end of the treatment period there was a numerical increase in mean sputum versican concentration in the placebo-treated patients (p = 0.16; fig. 3 a) and a numerical decrease in the concentration of this proteoglycan in the sputum of the patients treated with mepolizumab (p = 0.13; fig. 3 a) . However, neither of these changes reached statistical significance. creased (p = 0.006; fig. 4 a) . Similarly, there was a significant inverse correlation between the change in sputum versican and the change in FEV 1 % (p = 0.03; fig. 4 
b).
Sputum Hyaluronan and Versican versus Change in Sputum Eos%
A comparison of the change in sputum hyaluronan versus the change in sputum Eos% demonstrated a significant correlation (p = 0.02; fig. 5 a) . There was no correlation between sputum Eos% and sputum versican (p = 0.23; fig. 5 b) .
Sputum Hyaluronan and Versican versus Change in ACQ
Analysis of the change in sputum hyaluronan versus the change in the ACQ revealed a positive correlation in the hyaluronan group, indicating that as hyaluronan levels increased, so did ACQ scores (p = 0.009; fig. 6 a) . Of note, 1 subject in the placebo group did not have ACQ data recorded, thus only 9 subjects were included in the analysis. There was no significant correlation between the change in sputum versican and change in ACQ scores (p = 0.27; fig. 6 b) . As previously discussed, lower ACQ scores indicate improved asthma control.
Discussion
This study reports several novel observations. First, a decrease in sputum hyaluronan correlated with improvements in FEV 1 % and ACQ scores, suggesting that hyaluronan may be a useful biomarker of asthma control. Second, there was a direct correlation between the change in sputum eosinophils and hyaluronan, suggesting there may be a link between the two. Finally, treatment with mepolizumab, an anti-IL5 monoclonal antibody, was associated with a decrease in sputum hyaluronan compared to placebo, suggesting that this treatment may lessen the amount of airway remodeling.
Airway remodeling is most directly measured by histologic analysis of lung biopsies; however, for ethical and practical reasons, this is rarely done in clinical practice or even in most research protocols. For these reasons, it was not done in the current study, but work by Rasmussen et al. [21] suggests that the patients we studied had pathologic changes consistent with remodeling and that mepolizumab treatment lessened these changes. These investigators performed a long-term epidemiologic study which validated the postbronchodilator FEV 1 /FVC ratio as an indirect indicator of airway remodeling and their data demonstrated that failure to achieve a normal ratio de- spite bronchodilator treatment is due to structural changes in the airway. As shown in table 2 , all the patients in this study had severe asthma and a low FEV 1 /FVC ratio, which is suggestive of airway remodeling. The increase in the mean FEV 1 /FVC ratio at the end of the study in the mepolizumab treatment group in parallel with the decrease in sputum hyaluronan suggests that this ECM component may be a measure of airway remodeling and that mepolizumab treatment has the potential to reverse this process.
This study documents improvements in lung function, and reductions in airway eosinophil accumulation and sputum hyaluronan in patients treated with mepolizumab. The data also show a significant increase in sputum hyaluronan in the placebo group from the beginning to the end of the study. The increase in sputum hyaluro- nan was likely in part due to the concurrent prednisone taper in these patients in the absence of mepolizumab therapy. While the mechanism linking eosinophils, hyaluronan and airway obstruction is not fully understood, this study suggests that mepolizumab treatment might reduce airway remodeling and that measuring sputum hyaluronan may be a marker of this process. It is believed that the airflow obstruction in asthmatic patients is in part due to an increase in ECM deposition. In patients with persistent asthma, Vignola et al. [22] reported an association between asthma symptoms, persistent airflow obstruction, eosinophils and hyaluronan in BALF; however, a mechanistic link was not well defined. These investigators also showed that an increase in hyaluronan was correlated with an increase in ACQ, or worsened asthma control, suggesting that there was increased airway inflammation and possibly remodeling in patients with poorly controlled asthma.
There are multiple possible mechanisms by which eosinophils could affect the deposition of hyaluronan and thus airflow obstruction. Eosinophils may affect lung remodeling by regulating fibroblasts. It is known that fibroblasts play a key role in the remodeling process by producing collagen and elastin fibers as well as proteoglycans and glycoproteins [23] . It has also been shown that airway fibroblasts from asthmatics produce significantly increased concentrations of hyaluronan and hyaluronan synthase compared to controls [24] . Eosinophils secrete numerous cytokines, which include IL-1 ␤ , TNF-␣ , tumor growth factor-␤ and endothelial growth factor, and these mediators are known to be potent stimulators of hyaluronan synthesis in lung fibroblasts and may contribute to the deposition of hyaluronan in the airways of eosinophilic asthmatics [25] [26] [27] [28] [29] . In addition, eosinophils express CD44, which binds hyaluronan, and this interaction has been implicated in aggregation, proliferation and migration of this class of leukocytes [30, 31] . Further, eosinophils from allergic donors have higher levels of CD44 expression and develop hyaluronan-binding ability in response to IL-5 and other cytokines [32, 33] . Anti-IL-5 treatment has been shown to decrease airway eosinophils as well as the deposition of the ECM proteins tenascin, lumican and procollagen III [34] . Therefore, it is possible that asthma patients express a pathologic feedback loop where eosinophils stimulate fibroblast synthesis of hyaluronan through release of cytokines IL-1 ␤ , tumor growth factor-␤ and TNF-␣ and increase recruitment of additional eosinophils through upregulation of CD44. Future studies are necessary to evaluate the role of eosinophils and hyaluronan production in asthma. Specifically, ex vivo studies need to be designed which examine the effect of IL-5 on hyaluronan and versican localization in the pericellular matrix.
It is also clear that eosinophils interact with many other cells to enhance airway remodeling. Eosinophils generate chemokines that increase recruitment of effector T cells which can mediate airway remodeling. In mice devoid of eosinophils, Jacobsen et al. [35] showed that trans- fer of T-helper cell type 2 (Th2)-polarized effector cells alone did not affect airway remodeling. However, transfer of both Th2 polarized effector cells and eosinophils resulted in an increase in Th2 cytokines IL-5 and IL-13 in BALF and Th2 histopathology, defined as peribronchial aggregation of eosinophils, goblet cell metaplasia and airway epithelial cell mucin accumulation. Finally, it is also possible that the amount of airway remodeling is independent of the number of eosinophils present in sputum. It was recently shown that repeated bronchoconstriction with either allergen or methacholine challenge resulted in a similar increase in collagen band thickness and mucous gland staining that was independent of eosinophil recruitment into the airways [36] . These authors conclude that airway remodeling can result from bronchoconstriction, independent of inflammation. Thus, it is possible that the mechanism by which sputum hyaluronan was decreased in the mepolizumabtreated group was the result of improved pulmonary function and reduced exacerbations of bronchospasm.
The measurement of sputum versican may be an overestimation of the total mass of versican in our sample. In the ELISA that we developed to measure versican in our sputum samples, we used an antibody specific for the Cterminal portion while our standard curve used intact versican that measured the mass in the range of 0-80 g/ ml. All forms of versican share the C-terminal G3 domain which is identified by our versican ELISA; however, the versican levels measured in sputum samples may represent C-terminal versican fragments. C-terminal fragments are the molar equivalent of intact versican molecules used in the standard but possess a lower mass.
Moreover, C-terminal fragments of versican have been shown to exist in human plasma and may serve an immune function. Human leukocytes express P-selectin glycoprotein ligand-1, which promotes leukocyte recruitment by binding to selectins and also to the C-terminus of versican, thus promoting leukocyte aggregation [37] . The recruited leukocytes then produce matrix metalloproteinases which cleave versican and release versican fragments, producing a positive feedback loop [38] . While it is unclear whether we are measuring intact versican or verican fragments, our results suggest that versican accumulates in sputum and may be involved in leukocyte recruitment and aggregation.
In summary, we report that hyaluronan and versican can be measured in sputum supernatants and that hyaluronan decreased following treatment with mepolizumab, and this correlated with the improvement in FEV 1 % and ACQ scores. Given these data, we believe that sputum hyaluronan, and possibly versican, may be early, sensitive biomarkers of asthma control and possibly airway remodeling in patients with severe eosinophilic asthma. We also showed that there is a direct correlation between the change in sputum Eos% and hyaluronan; we propose that the two are linked and that further studies are needed to evaluate the mechanism of IL-5 on hyaluronan production.
